Abstract We investigate the morphology and dynamics of the region invaded by air injected at the bottom of an immersed granular bed. Previous experimental results point out the formation of a fluidized zone with a parabolic shape which does not depend, in the stationary regime, on the injection flow-rate. By tilting the experiment, we can tune the effective gravity in the system. We show that it does not affect significantly the morphology either. A numerical study made it possible to access the typical height and width of the structure, which are governed by the relative effects of gravity and capillarity. After a brief review on this subject, we propose first, new experimental observations on the air invasion regimes and on the morphology of the fluidized zone, in particular its growth dynamics; then, we complement the previous numerical study by considering the influence of the bottom boundary condition. In particular, we quantify the morphology of the invaded region when the gas is injected in the bulk, thus when air is likely to propagate downwards. These results are of practical importance in the prediction of the morphol-
Introduction
Gas invasion in an immersed granular layer is a widespread phenomenon of striking importance in many contexts, from oil industry [1, 2] to soil decontamination, where air injection in the subsurface and its subsequent rising by buoyancy removes or chemically degrades the contaminants [3] . In natural processes, piercement structures display many examples of such phenomenon [4] . A highly pressurized fluid (liquid or gas) rises from a given source at depth through sediments or crustal rocks, leading to partial fluidization or liquefaction of the granular matrix. The shape of the fluidized zone, inferred from geophysical measurements, widens upwards, and may form a crater at the surface. These structures are encountered worldwide and at different scales, from kilometers (kimberlite pipes [5] , mud volcanoes [6] ) to hundreds or tens of meters (hydrothermal vents [7] , submarine pockmarcks [8] ).
Previous experimental works have been proposed to model this phenomenon in the laboratory. Two-phase flow experiments (gas/grains or liquid/grains) pointed out the existence of three different regimes when the gas or liquid injection flow-rate increases [1, [9] [10] [11] : at low flow-rates, the system acts as a rigid porous medium and the fluid (gas or liquid) percolates through the granular matrix without any significant grain motion; at intermediate flow rates, the medium starts deforming, with the onset of small-scale instabilities and pip-ing; at large flow-rate, explosion at the surface and fluidization of the medium is reported (hydraulic failure).
Many numerical models have been developed, mostly in 2D, to investigate such mechanisms. They include different growth processes such as the Eden cluster model [12] , ballistic models [13, 14] , dendritic growth or the Diffusion-Limited Agregation (DLA) [15] . These models extensively studied the invasion process without external forces (e.g. [16] [17] [18] ) or, in the last twenty years, the destabilization induced, for example, by the presence of gravity in the system [19] [20] [21] .
Investigating three-phase flow systems (i.e. the injection of a fluid A in a granular medium immersed in a fluid B), is even more complex, in particular when it involves the grains displacement and the dynamics of the propagation front. Experiments of air injection in a suspension confined in a horizontal Hele-Shaw cell, where the grain density matches the host fluid, revealed a wide range of morphologies, from the classical SaffmanTaylor instability to fingering in a fixed porous medium [22] . A recent study by Sandnes et al. [23] proposed a unified phase-diagram of the different morphologies of air invasion when injecting air into an immersed loose granular medium confined in a horizontal HeleShaw cell. The introduction of inter-particule friction and sedimentation revealed three pertinent parameters: the granular filling fraction, system stiffness (related to the volume of the air reservoir) and air injection rate. Reports of several invasion morphologies, from stickslip bubbles to fingering or fracturing, were explained in the frame of the transition between a frictional and viscous regime.
In a recent work, we investigated experimentally [24] and numerically [25] the morphology of the region invaded by the gas when air is injected punctually at the bottom of an immersed granular bed in a vertical cell. The influence of the effective gravity in the system can be tuned by tilting the experimental cell or by varying the numerical parameters [25] . From experimental observations we reported two different invasion regimes: percolation and fracturing of the medium. Here, we report a new regime of stable channels, in particular when the effective gravity in the system is low. At long times, a fluidized zone forms and its morphology in stationary state was investigated [24, 25] . We complement these results by the study of the transient regime and growth dynamics of the fluidized region. Finally, the previous numerical study [25] was inspired by experimental results obtained in a vertical Hele-Shaw cell where the gas was injected locally at the base of the immersed granular material. Thus, in the numerical calculation, we did not permit the gas to propagate downwards below the injection point. In many situations, however, the propagation of air in a porous medium, biaised by gravity, is not limited by a solid bottom wall and the gas can explore freely all directions. In particular, we mention the example of liquid injection in the ground for enhanced oil recovery [26] , or the recent topic of CO 2 storage which aims at reducing greenhouse effect and global warming by injecting carbon dioxide several hundred meters below in the subsurface [27, 28] . In this latter case, it is important to estimate the morphology of the region invaded by the gas below the injection point [29] . Any large-scale CO 2 release could, indeed, perturbate the carbon-cycle and is likely to induce global climate changes [30] . Here, we complement the previous numerical results [25] by quantifying the morphology of the invaded region when the gas is injected in the bulk, thus when air is likely to propagate downwards. We analyze how the boundary condition at the bottom alters the final morphology of the invasion zone. In particular, we determine the depth reached by the gaseous phase below the injection point.
Experimental observations

Experimental setup
The experimental setup consists of a Hele-Shaw cell (width 40 cm, height 30 cm, gap 2 mm) filled with grains immersed in water (Fig. 1) . Air is injected at the bottom of the cell at constant flow-rate Φ (from 0. beads (USF Matrasur, sodosilicate glass), previously sieved to control their size. Unless specified, the grains diameter d is in the range 250-425 µm. The grain average diameter and size distribution are inferred from direct imaging of several samples (about 1000 grains, see Fig. 2 ). The height of the granular bed is h g = 22 cm, and the water layer above the initial flat free surface of the grains is h w = 2 cm. Images of the air invasion are recorded with a webcam (Logitech, QuickCam S7500, 640 × 480 px 2 ), either in real-time (20 images/s) or in time-lapse (1 image every 15 minutes) to quantify the growth of the fluidized zone. The light source consists of a transparency flat viewer (Just NormLicht, Classic Line) positioned behind the cell. The effective gravity in the system can be tuned by tilting the cell with an angle α, g eff = g cos α, going from vertical (α = 0, g eff = g, the acceleration due to Earth gravity) to horizontal (α = π/2, g eff = 0). For sake of clarity, the angle α is given in degrees in the following, from α = 0
• (vertical cell) to α = 90
• (horizontal cell).
The initial condition is prepared as follows. First, we pour the grains up to the height h g . We then fill the entire cell with water, up to the top boundary, and close the upper aperture. Hence we flip the cell bottom-up, which forces most of the small bubbles which may be trapped in the system to separate from the surrounding grains and rise to the surface. While the grains are not fully deposited (very loose packing) and still sediment, we flip the cell back to its original position. All the small bubbles initially trapped in the bulk are therefore extracted from the system. We let the grains deposit gently, then fix precisely the water, h w , and grain height, h g . This latter is gently levelled with a small paddle. This prococol ensures a reproducible initial condition (loose packing). Note however that the global packing is controlled but not the local packing, which will lead to different observed invasion patterns (see section 2.2).
Air invasion at short times
The air invasion at short times displays different patterns depending on the injected flow-rate Φ and on the tilt angle α. Figure 3 presents a tentative phase diagram in the Φ-α plane. For high effective gravity (low tilt angle), two patterns are reported. At low flow-rate, the air invades the system without significantly moving the grains (percolation). We observe several branches in the medium and, consequently, simultaneous gas emission loci at the surface. At high flow-rate, the air fractures the system and propagates in the bulk by pushing the grains aside. We still observe branches, but much less numerous than in the percolation process. In this case, the upper branch always reaches first the layer surface, and only a single gas emission point can be observed at a time. After the gas emission, the pressure drops in the fracture and this latter closes. The pressure at the injection point subsequently increases again, until a new fracture is opened in the system.
The transition between the percolation and fracture regime is not sharp. Over a wide range of intermediate flow-rate, it is impossible to predict the air invasion pattern in the system. Indeed, the dynamics depends not only on the flow-rate, but also on the local heterogeneities (due to polydispersity and compaction), which are not known and not reproducible from one experiment to another.
We report the existence of a threshold angle (α c ≃ 60
• ) above which the air opens a channel through the granular medium, and the effective gravity is not able to close it anymore. We then observe the formation of channels ( 
, the air invades the granular layer at short times with different dynamics. (a) At low flow-rate (Φ < Φ p ), we always observe percolation. (b) at high flow-rate (Φ > Φ f ), the air systematically fractures the system. Note that for intermediate flow-rates (Φ p < Φ < Φ f ), it is impossible to predict the initial air invasion morphology (percolation or fracture, see text). Black arrows indicate the gas emission at the surface, at simultaneous locii for percolation while at a single point for fracture. (c,d) For low effective gravity (α ≥ 60 • , g eff < g/2), we observe the formation of stable channels. These structures display different morphologies depending on the injection flow-rate, from (c) meandering at low flow-rate to (d) straight channels at high flow rates. At long times, the channels eject the grains from the initial layer and it is not possible to define a fluidized zone anymore.
times (typically, hours). These channels display different geometries, from tortuous channels at low flow-rate ( Fig. 3c) to straight channels at high flow-rate (Fig. 3d) . It is interesting to note that these latter patterns were not reported in [23] , maybe due to the fact that the flowrates used in our experiments are much higher than the ones used by these authors. At long times, in the channelling regime the air ejects the grains out of the initial layer, and the central part of the cell contains no grains anymore -only air rising through a water layer. Therefore, this regime has not been studied further, and the following sections only concern the regimes for which α < α c .
Steady state: morphology of the fluidized zone
The repetitive air rises through the system lead to the formation of a fluidized zone. After a time long enough -typically, from one hour up to 20 hours depending on the imposed flow rate -the fluidized zone reaches a stationary shape. It has been shown in a previous work [24] that, for a vertical Hele-Shaw cell, this shape is parabolic and independent of the injected flow-rate, i.e. of the initial invasion pattern (percolation or fracture).
To quantify the morphology of the fluidized zone as a function of the injected flow-rate Φ and the angle α, we considered, for each set of parameters, the steady state for which the contour of the fluidized region does not evolve significantly anymore. For each angle, the total duration of an experiment (at given Φ) is fixed so that the total volume of air injected in the system is the same. The experiment can thus last from several hours to tens of hours, depending on the injection rate. One image every 15 minutes is recorded.
The contour of the fluidized zone is determined as follows. For a given experiment, we compute the difference between successive images, then stack the resulting sequence (Fig. 4a) . The contrast obtained by this method is good enough to detect automatically the contour of the fluidized region (black line, Fig. 4a ). This contour indicates the region at the center where the grains have moved. To avoid any effect of the free surface, we limit the detection until about 2-3 cm below the grain surface. As already shown in previous work [24] , the fluidized zone exhibits a parabolic shape, x = √ Dz, and can be interpreted in terms of a diffusive process, where D (here, a length) is the analog of a diffusion coefficient, by considering that the vertical axis z plays a role analog of time in a classical diffusion process.
No significant variation of D as a function of Φ is reported, despite the very different patterns of air invasion at short times for small (percolation) and large (fracture) Φ (Fig. 4b, inset) . For each α, we report in measurements at different injected flow-rates. By tilting the experimental cell, i.e. decreasing the effective gravity in the system, we observe a slight decrease of D, which then increases back to a roughly constant value D ∼ 4 cm. This non-trivial evolution cannot be explained by a simple analytical [24] or numerical [25] model based on a rigid grain matrix and considering the different paths explored by the air in the system. Indeed these simple models, which provide an interpretation to the parabolic shape of the fluidized zone, predict a continuous increase of D as a function of α (see [24] , Fig. 7 or [25] , Fig. 8 ). The grains displacement and dynamics, which are not taken into account in these simplified models, play a fundamental role in the fluidized zone formation.
Transient regime: growth dynamics
We observe that the fluidized zone starts forming from the granular bed surface, where the grains are not constrained and can rearrange easily. It then progressively widens and grows downwards (Fig. 5a ). This downward growth of the fluidized region has been recently pointed out in similar experiments by Kong et al. [31] . Interestingly, this geometry and evolution are reminiscent of the draw bodies observed in the mining industry, which are formed by drawing out fragments from an extraction point at the base of the ore bed [32] . Note that the borders of the fluidized zone are well-defined due to the density contrast between the central fluidized zone (loose packing) and the compact outer zone. The bubbles which get trapped during the experiment in the fluidized zone act as tracers and can be followed in time (Fig. 5b) . We thus report that, on both sides of the central air rise, two convection rolls are generated, which entrain the grains upwards close to the center, and downwards close to the fluidized zone border (Fig. 5b, arrows) .
To quantify the growth dynamics of the fluidized zone, we report in Figure 6 the temporal evolution of the distance L zi [resp. L xi ] between the central axis of air rising (resp. the free surface) and the outer border of the fluidized zone at time t, for a given height z i (resp. a given distance x i from the central axis, see Fig. 6a ). The horizontal position of the front, L zi , increases rapidly at short times (t < 10 min) then slows down (Fig. 6b) . The data can be fitted by a logarithmic law (gray lines, Fig. 6b ). The front propagation along the vertical, L xi , is quicker than along the horizontal (Fig. 6c, compare 
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the scale on the y-axis) and can also be fitted by a logarithm (gray lines, Fig. 6c) .
Finally, it is interesting to note that, in the transient regime, we observe a well-defined region between the fully fluidized zone (grains always in motion) and the compact outer zone. In this transition zone, phenomena similar to the well-known stick-slip mechanism occur: the grains move downwards by successive slides (black arrow, Fig. 5c, top) . This dynamics can be interpreted as a consequence of the shear induced on the fluidized zone border by the downward grain-flow associated with the convection roll in this region. The stick-slip zone (SSZ) evolves in time: its width decreases while the fluidized zone increases, until it disappears completely in the steady regime (Fig. 5c, bottom) .
Conclusion on the experimental part
This section summarized the experimental results, up to date, on the morphology and dynamics of air invasion in an immersed granular bed. In the presented configuration, the air invasion is limited by the solid bottom boundary conditions, and the gas cannot propagate downwards.
In the following section, we complement the numerical results we obtained in our previous works by introducing the case of a free bottom boundary condition. In particular, we compare the morphology (width, height, shape) of the invasion zone. These results concern the case of a rigid grain matrix, with air percolating through the system.
Numerical model
Description
The procedure to determine the morphology of the invasion zone is the same as described in [25] . In a simple approach, we consider that the gas is opening a path in a square matrix of fixed grains. In the above experiment, the fluidized zone is created by the successive air bubbles rising through the system. In the numerical model, by analogy, this zone corresponds to the region explored by the successive air paths through the system. The final morphology of both processes is comparable, in the sense that the multiple events of air rising through the system generate either the fluidized zone (experiments) or the region explored by the air (numerical model). Although this modeling does not take into account the grains motion in the so-called fluidized zone, it points out the relevant parameters to describe its morphology, as already shown in previous works [24, 25] .
In the model, each saddle point between two vertices (void space between the grains) is associated with a different threshold in the capillary overpressure that the gas must overcome to cross from a given vertex to an adjacent one. The threshold distribution thus accounts for the heterogeneity of the system at the grain scale. The typical overpressure is of the order of ∆P ∼ γ/r where γ stands for the gas-liquid surface energy and r = d/2 for the typical radius of the grains. We denote σ P the width of the distribution of the capillary overpressures in the system. While air is injected, a new vertex is invaded by the gas when, anywhere along the path, the difference between the (homogeneous) pressure in the gas and the local pressure in the surrounding liquid overcomes the local threshold in the capillary overpressure. Considering that, due to hydrostatics, the pressure in the liquid depends on the depth, one understands that the path grows mainly in a region of typical height h ∼ σ P /ρg at its top. Note that the growth mechanism allows the formation of the side-branches as long as h is larger than the typical size of the grains r = d/2. In this context, the parameter
such as h = χr, appears as a natural dimensionless control parameter of the system (see [24] for the full mathematical introduction of the parameter χ). It can be rewritten
by denoting w the typical variation of the pore size (typically, a few %) and assuming that their size is ∼ d. Note that this parameter slighly differs from the classical Bond number used to characterize the flow regimes of fluid invasion in saturated porous media under the influence of gravity, B 0 = ∆ρgδ 2 /γ, where ∆ρ is the difference in density between the resident and invading fluids, and δ the characteristic pore size. The Bond number, indeed, does not account for the grain (or pore) polydispersity, which is included in the parameter χ.
For large values of χ the invaded region widens, thanks to the formation of side-branches, whereas small values of χ are associated with poorly branched, almost vertical paths. While the simplistic model proposed in [24] , neglecting the formation of side branches, can be solved analytically, accounting for the formation of side branches brings forward the need for a numerical modelling.
To get statistical information on the geometry of the invaded region, we create a large number (2000) of nu- merical paths for given values of the control parameters. To do so, the pressure thresholds are chosen according to a Gaussian distribution of width σ P , the value of χ is fixed and a number N of individual steps is considered. As N stands for the number of voids between the grains invaded by the gas, N accounts for the amount of gas injected in the system. Indeed, denoting v p the typical volume associated with the void space between the grains, the total gaseous volume in the system is V ≡ N v p .
Influence of the bottom boundary condition
First, we compare the morphologies of the invaded regions when air is injected at the bottom edge of a granular bed (the gas cannot propagate below the injection point) or in the bulk (the gas can propagate downwards from the injection point). Typical results are reported in Fig. 7 . At first sight, the boundary condition does not much change the morphology of the invaded region. However, as already reported in [25] , the presence of a rigid bottom wall makes impossible, for instance, a perfectly isotropic invasion of the medium when gravity effects are suppressed (χ = ∞, Fig. 7a, top left) whereas the expected isotropy is recovered when the gas is injected in the bulk (Fig. 7a, top right) . A quantitative characterization of the geometry is obtained by measuring the typical width ∆x and height ∆z of the invaded region. To do so, from the superposition of the 2000 paths (Fig. 7a) , we determine the global intensity profile along the x-axis, n x (x) (Fig. 7b, bottom) , by stacking all the horizontal profiles over the whole height of the system. We consider the typical size ∆x of the invasion pattern along the x-axis to be the width at half the peak value [25] . In the same way, we consider the global intensity profile along the z-axis, n z (z) (Fig. 7b, top) , by stacking all the vertical profiles over the whole width of the system. We observe that from the inlet, the profile is almost flat and suddenly decreases above a given altitude. In order to compare the two boundary conditions, we define ∆z, the typical size of the invasion pattern along the z-axis, as the altitude, above the injection inlet, of the point corresponding to half the plateau value. The region below the inlet will be discussed later.
The comparison of ∆z and ∆x for both boundary conditions reveals a difference of about 10% for χ = ∞ (no gravity) and of about 2% for χ = 250 (Fig. 7b and  c) . As expected, for large χ (e.g. small gravity effects) the bottom wall plays a significant role by restricting the air path to the upwards direction. of χ (e.g. larger gravity effects), the structure is more elongated along the vertical, and the role played by the bottom boundary condition is minimized. It is interesting to note that even in the case where the bottom wall apparently plays a significant role, the typical size of the invasion pattern in both the horizontal and vertical directions, as defined by our statistical analysis, is not significantly altered. Figure 8 displays the aspect ratio ̺ = ∆z/∆x of the invasion pattern as a function of χ/ √ N for the two bottom boundary conditions. We observe that both sets of data collapse over almost all the range of χ/ √ N (We remind here that the typical size of the structure scales like √ N ). The bottom boundary condition therefore does not alter significantly the global geometry of the invasion zone. We find the following scaling law, common to both conditions for χ/ √ N ≤ 10:
For larger χ/ √ N , ̺ tends toward an asymptotic value which slightly depends on the bottom boundary conditions (̺ = 1 or 0.8 for a free or solid bottom boundary, respectively).
Growth dynamics
To quantify the growth dynamics of the structure, we display the morphology of the invasion pattern as a function of N , i.e. of the injected volume (Fig. 9) . Results obtained with the bottom wall can be found in [25] , we only report here the results associated with the injection in an infinite medium (without bottom wall). The typical height of the invasion zone varies linearly with the injected volume, ∆z = αN (Fig. 9b) , while its width scales as the square root of the volume, ∆x = √ βN (Fig. 9c) . The variation of coefficients α and β as a function of the dimensionless parameter χ is shown in Fig. 9b and 9c , respectively. For χ < 10 3 , we observe that α ∝ χ −1/2 , while β only displays a slow increase over the whole range of χ. Note that for smaller gravity effects in the system (χ > 10
3 ), the invasion pattern is almost isotropic and ∆z is no longer linear in the injected volume. The isotropy being recovered, ∆z exhibits the same diffusive growth as ∆x and increases like √ N . 
Downward extent of air invasion
Finally, we focus on the morphology of the invasion pattern in the vicinity of the injection point. In practical situations, when injecting gas inside a granular matrix (e.g., soils), it is crucial to know the depth reached by the gas below the inlet. To do so, we determine from the invasion pattern the invasion contour. This latter is computed by considering arbitrarily a threshold of the occupation fraction, here f = 1%. In other words, the contour corresponds to vertices in the matrix which are occupied by 2000f points, resulting from the superposition of the 2000 paths in the system. We then extract the distance l f between the injection point and the bottommost point of the invasion contour (Fig. 9a) . For a given injected volume, l f /d increases as a function of χ (Fig. 10a) with an inflexion point at about χ c = 500. This transition point, of the same order of magnitude as the one found for the parameter α (Fig. 9) , corresponds to the transition between a roughly parabolic shape and a more circular invasion pattern. Note that for large χ, l f /d tends towards a plateau value, corresponding to the distance reached by an isotropic invasion of the gas in the system. For χ ≪ χ c , l f /d does not depend on the injected volume. We find that l f /d is proportional to the ratio β/α (Fig. 10b) which makes it possible to predict, from the lateral and upward extent, the penetration length of the gas below the injection point -not easily accessible in the field. A linear fit gives the empirical relationship l f /d ≃ 1.3β/α. For χ > χ c , l f /d depends on the injected volume. This dependence is reported in figure 10c , which displays the variations of (l f /d) 2 as a function of N . For large χ (typically, above 10χ c ) we find l f /d ∝ √ N , as expected for the invasion in an isotropic medium). As χ decreases, the symetry is broken in the system and we observe a departure from the linear tendency displayed in Figure 10c (black dots). Note finally that when χ becomes very small (high effective gravity in the system for example), l f tends towards a small value of the order of a few grain size, which does not increase significantly when N increases.
Conclusions
This work presented a brief review on the experimental and numerical study of air invasion in an immersed granular medium. We reported additional experimental results concerning the morphology and the transient growth of the fluidized zone. It was shown that the shape is independent of the air injection flow-rate over a wide range of values, and only slightly depends on the tilt angle (effective gravity in the system). Above a critical value of this angle (α > 60
• ), the air opens a stable channel which ejects the grains from the granular layer, and a fluidized zone cannot be defined anymore. In the transient regime, we pointed out a logarithmic growth of the fluidized zone borders, in both the horizontal and vertical directions. Air rises at the center, while two convection rolls continuously rearrange the grains in the central region. A transition zone between the always-moving core (very loose packing) and the still outer region (compact) displays discrete sliding events (stick-slip zone, or SSZ). The SSZ width decreases with time, until it disappears in the stationary regime, when the fluidized zone has reached its final geometry.
We also reported a complementary numerical study of the geometry and growth dynamics of the region invaded by the gas injected in the bulk. The numerical model considers a rigid porous medium, and does not allow any grain motion. The analog of the fluidized zone corresponds to the region explored by the successive air paths through the system. This approach, although simplistic, makes it possible to extract the relevant parameters to describe the morphology of the region explored by the air. Contrary to our previous study, the gas is allowed to propagate downwards. The study provides important pieces of information on the depth reached by the injected gas. Depending on a single parameter χ which compares the gravity to the hal-00845894, version 1 -18 Jul 2013 capillaty effects, the gas mainly propagates upwards or invades the material almost isotropically. It is found that the downward distance reached by the gas is given by the ratio of two parameters α and β which describe the dynamics of the invasion pattern. In field situations, these parameters as well as the dimensionless number χ can be measured independently, and therefore provide a precise estimate of the depth reached by the gas. The proposed scaling is of practical importance as it makes possible to forecast, for instance, the potential region altered by the rupture of underground gas reservoirs.
